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ABSTRACT: Ruthenium(II) polypyridine complexes are among
the most popular sensitizers in photocatalysis, but they face some
severe limitations concerning accessible excited-state energies and
photostability that could hamper future applications. In this study,
the borylation of heteroleptic ruthenium(II) cyanide complexes
with α-diimine ancillary ligands is identified as a useful concept to
elevate the energies of photoactive metal-to-ligand charge-transfer
(MLCT) states and to obtain unusually photorobust compounds
suitable for thermodynamically challenging energy transfer
catalysis as well as oxidative and reductive photoredox catalysis.
B(C6F5)3 groups attached to the CN
− ligands stabilize the metal-
based t2g-like orbitals by ∼0.8 eV, leading to high 3MLCT energies
(up to 2.50 eV) that are more typical for cyclometalated
iridium(III) complexes. Through variation of their α-diimine ligands, nonradiative excited-state relaxation pathways involving
higher-lying metal-centered states can be controlled, and their luminescence quantum yields and MLCT lifetimes can be optimized.
These combined properties make the respective isocyanoborato complexes amenable to photochemical reactions for which common
ruthenium(II)-based sensitizers are unsuited, due to a lack of sufficient triplet energy or excited-state redox power. Specifically, this
includes photoisomerization reactions, sensitization of nickel-catalyzed cross-couplings, pinacol couplings, and oxidative
decarboxylative C−C couplings. Our work is relevant in the greater context of tailoring photoactive coordination compounds to
current challenges in synthetic photochemistry and solar energy conversion.
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While photoredox catalysis can rely on electron transferfrom singlet or triplet excited states, the emerging field
of energy transfer catalysis crucially depends on triplet excited
states.1 Due to high intersystem crossing efficiencies, many
metal-based photosensitizers provide access to states that can
undergo triplet−triplet energy transfer (TTET) with suitable
substrates. Recently, this type of photochemical activation
gained increasing attention in organic synthetic photo-
chemistry, because triplet excited substrates can exhibit
reactivities that are unattainable from their electronic ground
states and their singlet-excited states.2 Specific examples
include the photocatalytic generation of singlet oxygen for
pericyclic reactions,3 cycloadditions,4−10 E/Z isomerizations,11
syntheses of cyclopropanes,12 sensitization of nickel catalysts,13
the carbocyclization/gem-diborylation,14 and the disulfide−ene
reaction.15 Direct excitation of the substrates to their triplet
excited states is spin-forbidden, and intersystem crossing from
singlet to triplet excited states is frequently very inefficient in
organic compounds; hence, metal-based triplet sensitizers are
vital for many of these reactions.16 Iridium(III) photo-
sensitizers are often chosen due to their high triplet energies
(ET, up to 2.87 eV), long excited-state lifetimes, and their
thermal and photostability.17−19 In recent years, photo-
sensitizers based on earth-abundant metals have gained
increasing attention,20−23 but many of them still require
further development to become as widely applicable as their
precious metal-based congeners, and until now, ruthenium(II)
and iridium(III) sensitizers have remained the workhorses of
synthetic photochemistry and applications in solar energy
conversion.24−26 Against this background, the development of
ruthenium(II)- and iridium(III)-based photosensitizers con-
tinues to be important.27−46
Compared to iridium(III) complexes, ruthenium(II)-based
photosensitizers typically have much lower triplet energies
(2.0−2.2 eV, Figure 1a)47 and therefore cannot catalyze many
of the above-mentioned reactions. For ruthenium(II)
phosphine complexes, higher triplet energies (2.2−2.4 eV)
have been reported, though these compounds were not used as
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photocatalysts.48−50 Furthermore, the ruthenium(II) methyl
isocyanide complexes [Ru(bpy)2(CNMe)2]
2+ (bpy = 2,2′-
bipyridine) and [Ru(bpy)(CNMe)4]
2+ exhibit unusually high
triplet energies of 2.6 and 2.8 eV, respectively, but [Ru-
(bpy)2(CNMe)2]
2+ is nonemissive at room temperature, and
[Ru(bpy)(CNMe)4]
2+ is prone to photodegradation.51
Here, we present a concept to elevate the triplet energies
(ET) of ruthenium(II) complexes up to the level of the
prototypical cyclometalated iridium(III) complex fac-[Ir-
(ppy)3] (Figure 1b, ppy = 2-phenylpyridine). Specifically, we
demonstrate that borylation of well-known and easily
accessible ruthenium(II) cyanide complexes yields not only
potent triplet photosensitizers with broad application potential
in photoredox and energy transfer catalysis but also remarkably
photorobust new types of luminophores. Inspired by recent
work on isocyanoborato complexes of iron and ruthenium with
an electrochemical and spectroscopic focus,52−54 we synthe-
sized and explored the [Ru(bpy)2(BCF)2] (BCF = CNB-
(C6F5)3) and the [Ru(CF3bpy)2(BCF)2] complex (Figure 1c).
While [Ru(bpy)2(BCF)2] has an unusually high triplet energy,
[Ru(CF3bpy)2(BCF)2] is a very potent photooxidant, making
these compounds amenable to energy-transfer- and photo-
redox-catalyzed reactions, which are usually performed with
iridium(III) photosensitizers. In direct comparative studies,
both new sensitizers show far greater inherent photostability
than [Ru(bpy)3]
2+ and fac-[Ir(ppy)3] (Figure 1a,b), which is
important for photocatalysis, because complete substrate
turnover usually requires long (>1 h) irradiation times.
Important prior work on isocyanoborato complexes focused
on 5d metals including Ir(III),55 Re(I),56−59 and Os(II)61 as
well as on Ni(II),62 Pd(II),63 Pt(II),64 Cu(I),60,65 and Ag(I).60
Very recently, Ru(II) and Fe(II) isocyanoborato complexes
were studied in the context of electrochemistry and spectros-
copy, but their photoreactivity and photochemistry have not
yet been reported.52−54 Attachment of B(C6F5) moieties to the
cyanide ligands of heteroleptic complexes with α-diimine
chelates usually results in the stabilization of the metal-
centered d orbitals, whereas the diimine π* orbitals are less
affected.53 This leads to a blue-shift of the metal-to-ligand
charge-transfer (MLCT) absorption and emission features and
a concomitant increase in 3MLCT energy.55−59 The photo-
stability of our new Ru(II) compounds and their broad
applicability to photocatalysis is largely attributable to this
effect.
The present study of isocyanoborato complexes of
ruthenium(II) complements recent work on isocyanide
complexes with the d6-metals W(0),66−69 Mo(0),70−72 and
Cr(0)73 and provides additional fundamental insight into how
strong-field π-acceptor ligands can be used to tailor photo-
physical and photochemical properties.
■ RESULTS AND DISCUSSION
Synthesis, Characterization, IR Spectroscopy, and Crystal
Structures
[Ru(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] were synthe-
sized by reacting [Ru(bpy)2(CN)2] and [Ru(CF3bpy)2(CN)2]
with 2.2 equiv of B(C6F5)3 under inert conditions to form the
Lewis adducts. Both complexes were characterized by IR as
well as 13C, 1H, 19F, and 11B NMR spectroscopy and also
elemental analysis, mass spectrometry, and single-crystal X-ray
diffraction. The infrared spectrum of the [Ru(bpy)2(CN)2]
precursor exhibits two CN stretching bands at 2064 and
2045 cm−1, which shift to 2159 and 2063 cm−1 in
[Ru(bpy)2(BCF)2] (Figure S15). The Lewis-acidic B(C6F5)3
moiety lowers the energy of the relevant CN π-bonding
orbitals and commonly increases the CN stretch frequencies
of isocyanoborato complexes compared to their cyanide
congeners.52,53,56,61 Similarly, in [Ru(CF3bpy)2(BCF)2], the
two respective IR bands appear at 2173 and 2195 cm−1, while
in [Ru(CF3bpy)2(CN)2], they are at 2085 and 2094 cm
−1
(Figure S16).
Single crystals suitable for X-ray diffraction were obtained
for both new complexes by slow evaporation from a mixture of
CHCl3 and CH2Cl2 ([Ru(bpy)2(BCF)2]) or slow evaporation
of CD2Cl2 from a solution of [Ru(CF3bpy)2(BCF)2], resulting
in the structures shown in Figure 2. Though both compounds
were obtained as racemic mixtures (as confirmed by circular
dichroism spectroscopy, Figure S26), only one enantiomer
crystallized in each case, namely the Λ-isomer of [Ru-
(bpy)2(BCF)2] and the Δ-isomer of [Ru(CF3bpy)2(BCF)2]
(see SI page S19 for details). In both complexes, the average
C−N−B angles are slightly bent (175.26(18)° in [Ru-
(bpy)2(BCF)2] and 168.60(3)° in [Ru(CF3bpy)2(BCF)2]),
presumably due to a combination of steric effects and π-
backbonding from the Ru(II) center to the isocyanoborato
ligand.52,55,56 An X-ray crystal structure of the [Ru-
(bpy)2(CN)2] parent complex is not available, but compared
to the closely related [Ru(dtbbpy)2(CN)2] complex
74 (dtbbpy
= 4,4′-di-tert-butyl-2,2′-bipyridine), the CN bond distances
are shorter by 0.021(4) Å in [Ru(CF3bpy)2(BCF)2] and by
Figure 1. Top: chemical structures of [Ru(bpy)3]
2+ (a) and fac-
[Ir(ppy)3] (b). Bottom: chemical structures of [Ru(bpy)2(BCF)2]
and [Ru(CF3bpy)2(BCF)2] (c) (BCF = CNB(C6F5)3).
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0.013(2) Å in [Ru(bpy)2(BCF)2], in line with their increased
CN stretching frequencies. Furthermore, compared to
[Ru(dtbbpy)2(CN)2], the Ru−C bonds are 0.050(17) Å
shorter in [Ru(bpy)2(BCF)2 and 0.032(3) Å shorter in
[Ru(CF3bpy)2(BCF)2] as a result of enhanced π-backbonding
between the metal and the BCF ligand. Prior studies
demonstrated that the σ-bonding interaction between the
metal and the carbon atom is weakened in isocyanoborato
complexes compared to the nonborylated cyanide parent
complexes,52,53 because the Lewis acidity of B(C6F5)3
decreases the electron density at the carbon atom. However,
in our complexes, this effect of weakened σ-bonding is
apparently overcompensated by other effects.
In the cyclic voltammograms of [Ru(bpy)2(BCF)2] (Figure
3a, middle) and [Ru(CF3bpy)2(BCF)2] (Figure 3a, bottom),
two waves attributable to consecutive one-electron reduction
of the two individual bpy ligands and one wave due to
oxidation of Ru(II) to Ru(III) are observable.
In [Ru(bpy)2(BCF)2], the metal-based oxidation occurs at
1.63 V vs SCE, i.e., at 0.77 V more positive potential than in
the [Ru(bpy)2(CN)2] parent complex (see Figure S27 for the
cyclic voltammogram), indicating the metal-based t2g-like
orbitals are strongly stabilized upon borylation (Figure
4a).56,61 Analogously, the respective metal-centered orbitals
are stabilized by 0.86 eV in [Ru(CF3bpy)2(BCF)2] compared
to [Ru(CF3bpy)2(CN)2] (Figure 4b).
Borylation furthermore entails an energetic stabilization of
the bpy-ligand-based π* orbitals relative to the corresponding
cyanide complexes, but this effect is smaller than the
stabilization of the t2g-like orbitals: The reduction potential
of [Ru(bpy)2(BCF)2] is −1.46 V vs SCE, compared to −1.68
V vs SCE for [Ru(bpy)2(CN)2], while the reduction potential
of [Ru(CF3bpy)2(BCF)2] is 0.21 V less negative than that of
[Ru(CF3bpy)2(CN)2]. Thus, based on the electrochemical
data, one can anticipate that the 3MLCT energies of the two
complexes from Figure 1c will be up to 0.6 eV higher than
those of the respective cyanide parent compounds, and this
Figure 2. X-ray crystal structures of Λ-[Ru(bpy)2(BCF)2] (a) and Δ-
[Ru(CF3bpy)2(BCF)2] (b) shown as 50% thermal ellipsoids.
Hydrogen atoms are omitted for clarity.
Figure 3. (a) Cyclic voltammograms of 0.6 mM [Ru(bpy)3][PF6]2
(top), 1 mM [Ru(bpy)2(L)]2 (middle), and 0.6 mM [Ru(CF3bpy)2
(L)2] (bottom); L = BCF, in dry deaerated CH3CN at room
temperature with 0.1 M [NBu4][PF6] as a supporting electrolyte. The
scan rate was 0.1 V/s in all three cases. (b) Latimer diagrams of the
three complexes based on the voltammograms shown in a, including
the energies of their photoactive 3MLCT excited states derived from
the spectroscopic studies discussed below. Redox potentials for
complexes in their electronic ground and 3MLCT excited states are
reported in V vs SCE.
Figure 4. Energy-level diagrams illustrating the effect of borylation on
the metal-centered t2g-like and ligand-based π* orbitals, derived from
the electrochemical measurements in Figure 3.
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expectation is indeed fulfilled as discussed in the following
sections.
The one-electron reduced [Ru(bpy)2(BCF)2] complex,
[Ru(bpy)2(BCF)2]
−, should be a relatively potent reductant,
roughly 0.16 V more reducing than [Ru(bpy)3]
+ (Figure 3b).
As demonstrated further below, [Ru(bpy)2(BCF)2]
− is photo-
chemically easily accessible by excitation and subsequent
reduction by a suitable sacrificial electron donor, and this can
be exploited to drive photochemical reactions that are
unattainable with [Ru(bpy)3]
+.
While the [Ru(bpy)2(BCF)2] complex is suitable for
reductive photoredox catalysis, the [Ru(CF3bpy)2(BCF)2]
compound with its electron-withdrawing CF3 substituents at
the bipyridine ligands is an attractive candidate for oxidative
photocatalysis, due to its high excited-state reduction potential
of 1.43 V vs SCE. This is 0.61 V more oxidizing than 3MLCT-
excited [Ru(bpy)3]
2+ (Figure 3b) and approaches the typical
values reached for cyclometalated (heteroleptic) iridium(III)
complexes17,33 and certain acridinium dyes.75,76 The main
point, however, is the strongly elevated 3MLCT energy of the
two new complexes, as discussed in the following.
UV−Vis Absorption and Luminescence Properties
The MLCT absorption and emission bands of [Ru-
(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] are markedly
blue-shifted compared to [Ru(bpy)3]
2+ and the respective
ruthenium(II) cyanide parent compounds (Figure 5 and Table
1).
Specifically, the emission band maxima of [Ru-
(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] are at ∼4000
cm−1 higher energy than in [Ru(bpy)2(CN)2] and [Ru-
(CF3bpy)2(CN)2], in reasonable agreement with the above-
mentioned shifts of metal-based oxidation and ligand-centered
reduction potentials upon introduction of the B(C6F5)3
moieties (ca. 0.6 eV or ca. 4800 cm−1).
Ev ident ly , the blue-sh i f ted emiss ion of [Ru-
(CF3bpy)2(BCF)2] and [Ru(bpy)2(BCF)2] is due to consid-
erably elevated 3MLCT energies, and this is confirmed by 77 K
luminescence measurements, which reveal a triplet energy of
2.50 eV for [Ru(bpy)2(BCF)2] (right inset in Figure 5a) and
2.35 eV for [Ru(CF3bpy)2(BCF)2] (right inset in Figure 5b).
DFT calculations confirm the unusually high value for
[Ru(bpy)2(BCF)2]; see below. The vibrational fine structures
present in the low-temperature emission spectra of [Ru-
(bpy)2(BCF)2] and [Ru(CF3bpy)2(BCF)2] (including pro-
gressions in a 1250 cm−1 mode in both complexes) signal that
their emissive excited states under these conditions likely have
significant intraligand character.77
The natural (unquenched) 3MLCT excited-state lifetime
(τ0) of [Ru(CF3bpy)2(BCF)2] in Ar-saturated CH3CN at 20
°C is 1043 ns (left inset of Figure 5b), which is 10 times longer
compared to [Ru(CF3bpy)2(CN)2]. This drastic lifetime
elongation is attributed to the significantly increased energy
gap between the emissive 3MLCT and the electronic ground
state upon borylation, making nonradiative relaxation less
competitive.78 This is underlined by the higher photo-
luminescence quantum yield of [Ru(CF3bpy)2(BCF)2]
(12.8%) compared to [Ru(CF3bpy)2(CN)2] (≤3.5%). The
excited-state lifetime elongation and the increased quantum
yield upon borylation of [Ru(CF3bpy)2(CN)2] reflect a
decrease of the nonradiative decay rate constant (knr) by a
factor of 11 (Table 1). Specifically, knr decreases from 9.46·10
6
s−1 in [Ru(CF3bpy)2(CN)2] to 8.39·10
5 s−1 in [Ru-
(CF3bpy)2(BCF)2]. Similar observations have been previously
made for isocyanoborato complexes of 5d metals.56,57,61
Strikingly, under identical conditions, the natural 3MLCT
lifetime of [Ru(bpy)2(BCF)2] is only 8.6 ns (left inset of
Figure 5a), 30 times shorter than in the parent cyanide
complex, and the luminescence quantum yield is diminished
from ≤3.2% in [Ru(bpy)2(CN)2] to 0.2% in [Ru-
(bpy)2(BCF)2]. This unexpected behavior is attributed to
the thermal population of a nearby metal-centered (3MC)
excited state, which opens an efficient nonradiative relaxation
pathway due to its strong distortion relative to the ground
state. Thus, knr increases from 3.87·10
6 s−1 for [Ru-
(bpy)2(CN)2] to 1.16·10
8 s−1 for [Ru(bpy)2(BCF)2].
According to the DFT calculations presented below, that
3MC state is energetically only slightly higher in energy than
the emissive 3MLCT state. The small activation barrier for
internal conversion from 3MLCT to 3MC seems to be the
result of the larger increase in 3MLCT energy compared to the
increase in 3MC energy upon borylation (dotted arrows in
Figure 6), and thus, an excited-state relaxation pathway that
typically plays an important role in Fe(II) and related 3d6
complexes becomes operative for a Ru(II) compound.23,79−84
Figure 5. Main plots: UV−vis absorption (solid green lines) and
normalized luminescence spectra (dashed red lines) of [Ru-
(bpy)2(BCF)2] (a) and [Ru(CF3bpy)2(BCF)2] (b) recorded in dry,
deaerated CH3CN at 293 K. Left insets: Luminescence decay of 10
−5
M [Ru(bpy)2(BCF)2] (a) and 10
−5 M [Ru(CF3bpy)2(BCF)2] (b) in
dry, deaerated CH3CN at 293 K following excitation at 375 nm with
laser pulses of ∼60 ps duration. Right insets: Luminescence spectrum
of [Ru(bpy)2(BCF)2] (a) and [Ru(CF3bpy)2(BCF)2] (b) recorded at
77 K in 2-methyl-THF. For the steady-state luminescence measure-
ments, excitation occurred at 390 nm ([Ru(bpy)2(BCF)2]) and at
420 nm ([Ru(CF3bpy)2(BCF)2]).
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A somewhat related observation has been made for [Ru(tpy)-
(CN)3]
− (tpy = 2,2′:6′,2′-terpyridine) and [Fe(bpy)2(CN)2],
where hydrogen-bond donating solvents interacted with the
CN ligands and thereby decreased their electron density and
lowered both the eg and t2g orbital energies.
83,85 A qualitatively
similar effect is expectable for borylation, which also decreases
the electron density at the carbon atom of the cyanoborylated
ligands.
As noted above, many prior investigations of cyanoborylated
complexes have focused on 5d metals,55−59,61,64 where the
ligand field splitting is inherently larger than in 4d metals and
thermal population of the 3MC from the 3MLCT state is
therefore less important. Thus, it is not too surprising that the
effect illustrated by Figure 6 has been unnoticed until now. A
plausible reason why this effect is not seen for [Ru-
(CF3bpy)2(BCF)2] is that the CF3 substituents stabilize the
bpy-based π* LUMOs (Figure 4), thereby lowering the
3MLCT energy and increasing the gap to the 3MC state This
interpretation is in line with the recently reported 3MLCT
lifetime elongation from 210 ns in [Ru(bpy)(BCF)4]
2− to
3400 ns in [Ru(CF3bpy)(BCF)4]
2−.54
Transient Absorption Spectroscopy and DFT Calculations
The spectral features in the transient absorption (TA)
spectrum of [Ru(bpy)2(BCF)2] (Figure 7a) are fully
compatible with an MLCT excited state. Specifically, this
spectrum contains two excited-state absorption bands with
maxima at 355 and 455 nm (both attributable to bpy•−, see
below) as well as a ground-state bleach centered at 395 nm.89
The negative signal around 550 nm is caused by emission. The
bpy•− band of [Ru(bpy)2(BCF)2] at 455 nm appears blue-
shifted with respect to the analogous band in [Ru(bpy)3]
2+
(λmax = 502 nm),
90 but this is mostly due to overlap with the
emission band. In the presence of 50 mM diisopropylethyl-
amine (DiPEA) as a sacrificial reductant, the bpy•−-related
absorption bands persist for several microseconds (Figure 7b),
and the characteristic absorptions of a singly reduced
ruthenium bipyridine complex at 51590 and 355 nm are
readily detectable.91 The insets in Figure 7a,b show the
calculated spin densities of 3MLCT-excited [Ru(bpy)2(BCF)2]
(a) and [Ru(bpy)2(BCF)2]
− (b). In the 3MLCT state, spin
density is localized on the Ru(III) center (40%) and the
reduced bpy ligand (60%), whereas in the one-electron
reduced form, the spin density is localized exclusively on the
reduced ligand, as expected.92
The t r an s i en t ab so rp t i on spec t rum of [Ru -
(CF3bpy)2(BCF)2] (Figure 7c) is similar to that of [Ru-
(bpy)2(BCF)2] in Figure 7a. Due to the electron-withdrawing
CF3 substituents, the MLCT ground-state bleach and the
emission of [Ru(CF3bpy)2(BCF)2] are red-shifted by ∼25 nm
compared to [Ru(bpy)2(BCF)2]. No transient absorption
spectrum of the singly reduced [Ru(CF3bpy)2(BCF)2]
− could
be measured due to the instability of this complex in the
presence of DiPEA and light. This is not problematic, because
[Ru(CF3bpy)2(BCF)2]
− would have only a comparatively
modest reducing power (−0.92 V vs SCE), and the application
potential of this particular species for reductive photocatalysis
would be somewhat limited anyway.
Photostability
Insufficient photostability is a well-known problem for many
photosensitizers, and in particular, the prototypical [Ru-
(bpy)3]
2+ complex undergoes rather facile photodegrada-
tion.93,94 Similar observations have been made for some
Ir(III) complexes.95,96 Against this background, we inves-
tigated the inherent photostability of [Ru(bpy)2(BCF)2],
[Ru(CF3bpy)2(BCF)2], fac-[Ir(ppy)3], and [Ru(bpy)3]
2+ by
irradiation of CH3CN solutions with a blue continuous-wave
(cw) laser (447 nm, 1.1 W). Following a recently described
methodology,72,97 the absorbance of each solution was
adjusted to 0.1 at the excitation wavelength, leading to
concentrations of 8.7 μM for [Ru(bpy)3]
2+, 36 μM for fac-
[Ir(ppy)3], 32 μM for [Ru(CF3bpy)2(BCF)2], and 149 μM for
[Ru(bpy)2(BCF)2]. The temperature was kept constant at 20
°C during the measurements, and the photoluminescence
intensity was monitored continuously in a spectrometer. The
change in concentration was calculated from the decrease in
luminescence intensity, assuming that these two values are
directly proportional to one another (control experiments
indicate the absence of emissive decomposition products; see
Table 1. Summary of Photophysical Properties of the Key Complexesa
λmax, abs, MLCT (ε)/nm (M
−1cm−1) λmax, em/nm τ0/ns ET/eV kr/s
−1 knr/s
−1 Φ/%
[Ru(bpy)2(CN)2] 496 (5400) 704 250 - 1.28·105
g 3.87·106g ≤3.2f
[Ru(bpy)2(BCF)2] 390 (7500) 543 8.6 2.50
b 2.33·105 1.16·108 0.2
[Ru(CF3bpy)2(CN)2] 520 (13 000) 742 102 - 3.43·105
h 9.46·106h ≤3.5f
[Ru(CF3bpy)2(BCF)2] 416 (10 000) 571 1040 2.35
b 1.23·105 8.39·105 12.8
[Ru(bpy)3]
2+ 452 (13 000) 619 1019 2.12d - - 9.5e
fac-[Ir(ppy)3] 373 (12 500) 527 1750 2.50
c - - 40d
aThe data were recorded in dry, deaerated CH3CN at 20 °C. (λmax, abs, MLCT is the maximum of the MLCT absorption band; λmax, em is the emission
band maximum). bValue obtained from 77 K measurements in 2-methyl-THF. cFrom ref 86. dFrom ref 87. eFrom ref 88. fUpper limit for
instrumental reasons. See SI for details. gCalculated on the basis of Φ = 3.2% for [Ru(bpy)2(CN)2]. hCalculated on the basis of Φ = 3.5% for
[Ru(CF3bpy)2(CN)2].
Figure 6. Schematic representation of the key potential energy wells
of [Ru(bpy)2(CN)2] (a) and [Ru(bpy)2(BCF)2] (b). Q is a nuclear
coordinate, and GS stands for ground state.
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red traces in the emission spectra of Figure S36). In Figure 8,
the change in concentration as a function of irradiation time is
presented. As all samples initially absorbed the same number of
photons, this is a good measure to directly compare the
photostabilities of the four complexes; see SI page S34 for
details.
Based on the change in concentration, the photodegradation
quantum yield Φdegr, defined here as the number of degraded
photosensitizer molecules divided by the number of absorbed
photons, was calculated for all four complexes. The number of
absorbed photons is directly accessible from the laser power
output (1.1 W) and the known absorbance (0.1) at the
irradiation wavelength. The number of decomposed photo-
sensitizer molecules was calculated from the decrease in
emission intensity to 90% of the initial intensity (see SI page
S34 for details). This procedure gave the Φdegr values in Table
2, from which it is evident that [Ru(CF3bpy)2(BCF)2] is 56
times more photostable than [Ru(bpy)3]
2+, while [Ru-
(bpy)2(BCF)2] is 33 times more robust under photoirradiation
than [Ru(bpy)3]
2+. In recent multiphoton excitation experi-
ments, a water-soluble variant of fac-[Ir(ppy)3] was particularly
photorobust,97,98 and against this reference point, the low
photodegradation quantum yields of [Ru(CF3bpy)2(BCF)2]
Figure 7. (a) Transient absorption spectrum measured after 425 nm excitation of a 10−5 M solution of [Ru(bpy)2(BCF)2] in deaerated CH3CN at
20 °C with laser pulses of ∼10 ns duration. The signals were time-integrated over 10 ns immediately after excitation. The asterisk marks stray light
from the excitation laser pulse. The inset shows the calculated spin densities of the 3MLCT state. (b) Transient absorption spectrum measured after
425 nm excitation of a solution containing 10−5 M [Ru(bpy)2(BCF)2] and 50 mM DiPEA with laser pulses of ∼10 ns duration. The signal was
recorded with a delay of 100 ns after the laser pulses and was time-integrated over 200 ns. The inset shows the calculated spin densities of the one-
electron reduced [Ru(bpy)2(BCF)2] complex. (c) Transient absorption spectrum measured after 532 nm excitation of a 10
−5 M solution of
[Ru(CF3bpy)2(BCF)2] in deaerated CH3CN at 20 °C with laser pulses of ∼10 ns duration. The signal was time-integrated over 200 ns immediately
after excitation. In the insets, blue color represents positive spin densities, whereas green represents negative spin densities.
Figure 8. Photostability of [Ru(CF3bpy)2(BCF)2], [Ru-
(bpy)2(BCF)2], fac-[Ir(ppy)3], and [Ru(bpy)3]
2+ upon irradiation
with a blue cw laser (447 nm, 1.1 W) in argon-saturated CH3CN at
20 °C. Concentration changes (Δc) were calculated based on
photoluminescence intensities as a function of irradiation time; see
text and SI page S34 for details.
Table 2. Photodegradation Quantum Yields (Φdegr) and
Relative Photostabilities of the Four Complexes from Figure
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and [Ru(bpy)2(BCF)2] are all the more remarkable. The
improved photostabilities of the two isocyanoborato complexes
can be rationalized based on the DFT calculations performed
for [Ru(bpy)2(BCF)2]. Photodecomposition of ruthenium(II)
polypyridyl complexes typically occurs via MC states with
elongated Ru−N bonds (similar to how so-called photo-
CORMs operate),99 and prior computational work suggested
that computed Ru−N bond lengths in these MC states can be
used to predict how susceptible to photodegradation a given
complex is.92,100
Interestingly, the Ru−N bond of [Ru(bpy)2(BCF)2]
elongates only from 2.14 Å in the electronic ground state to
2.36 Å in the lowest 3MC state (see SI page S36), whereas in
the case of [Ru(bpy)3]
2+, the respective Ru−N bond
elongation is much larger, from 2.10 to 2.67 Å. Thus, the
much-enhanced photostability of [Ru(bpy)2(BCF)2] com-
pared to [Ru(bpy)3]
2+ indeed correlates with a significantly
weaker distortion in the lowest 3MC excited state.
Energy Transfer Catalysis: trans/cis-Photoisomerization
and Photosensitized Ni(II) Cross-Coupling Catalysis
Given the very favorable photophysical and electrochemical
properties of the isocyanoborato complexes, it seemed
attractive to explore their application potential in photo-
catalysis. As a first test reaction, we chose the photo-
isomerization of trans-methyl cinnamate (ET = 2.38 eV)
101
to its cis-isomer. The latter has a substantially higher triplet
energy than its trans-form, and consequently, triplet photo-
sensitization with an appropriate catalyst (with a 3MLCT
energy between the triplet energies of the two relevant
isomers) is expected to lead to the accumulation of the cis-
isomer over time.11,102 The photoreaction was performed with
83 mmol L−1 trans-methyl cinnamate and 33 mmol L−1
trimethyl(phenyl)silane as an internal standard in the presence
of 1 mol % of [Ru(bpy)2(BCF)2]. The photoisomerization was
conducted in a sealed NMR tube to prevent undesired side
reactions with oxygen, using a 440 nm LED as an irradiation
source.
While only negligible conversion was observed after 2 h with
[Ru(bpy)3]
2+ as a photosensitizer, the new [Ru(bpy)2(BCF)2]
complex successfully isomerized 70% of the trans-methyl
cinnamate to its cis-form (Figure 9). This shows that the
unusually high triplet energy of [Ru(bpy)2(BCF)2] is
instrumental for successful completion of this reaction. In
order to take advantage of the high photostability of
[Ru(bpy)2(BCF)2], the catalyst loading for this isomerization
reaction was lowered to 0.02 mol %. Even under these
conditions, [Ru(bpy)2(BCF)2] was able to catalyze the trans/
cis-isomerization of methyl cinnamate with a yield of 65% after
a reaction time of 8 h, resulting in a turnover number (TON)
greater than 3000.
The fac-[Ir(ppy)3] complex has a similarly high triplet
energy as [Ru(bpy)2(BCF)2] (Figure 1), yet with this
sensitizer, photoisomerization only proceeded with 59%
yield, and non-negligible amounts of a side product were
formed. The better performance of [Ru(bpy)2(BCF)2]
compared to fac-[Ir(ppy)3] is tentatively attributed to the
long excited-state lifetime of fac-[Ir(ppy)3] (1750 ns, Table 1)
compared to [Ru(bpy)2(BCF)2] (8.6 ns, Table 1), which leads
to a comparatively high steady-state triplet concentration in the
case of the Ir(III) complex that might enable otherwise
inefficient bimolecular reactions. A plausible side reaction is
the [2 + 2] cycloaddition, which is known to occur with Ir(III)
photosensitizers.1,103 This example shows that despite nearly
identical thermodynamics (same triplet energy of 2.50 eV for
both photosensitizers, Figure 1), different excited-state life-
times can affect the reaction outcome in an unanticipated
manner. With [Ru(CF3bpy)2(BCF)2] as the photosensitizer,
the photoisomerization reaction gives a lower yield (46%),
because the triplet energy of that complex is lower (2.35 eV,
Figure 1c).
While photoisomerization reactions have received significant
attention from the synthetic photochemistry community in
recent years,11,102,104 the specific example in Figure 9 mainly
serves as a simple test reaction to showcase the comparatively
high triplet energies of the new isocyanoborato complexes.
From a synthetic perspective, there exists a fairly broad range
of other reaction types that are attractive targets for energy
transfer catalysis.15,105,106 One specific example involves the
sensitization of nickel-based cross-coupling.107 Combined
photocatalysis and Ni catalysis has received significant
attention over the past few years and has found application
in C−C,108−112 C−O,13,113,114 C−S,115−117 and C−N118−120
bond-forming reactions.107 Many of these cross-coupling
reactions rely on electron transfer, but some of them seem
to function on the basis of triplet−triplet energy transfer
(TTET) from the photosensitizer to the Ni(II) cata-
lyst.13,107,121 For instance, fac-[Ir(ppy)3] has been employed
to photosensitize the Ni-catalyzed coupling of aryl halides with
carboxylic acids via TTET.13 Given that [Ru(bpy)2(BCF)2]
has the same triplet energy as fac-[Ir(ppy)3] (Figure 1 and
Table 1), we anticipated that this isocyanoborato complex
would be a suitable photosensitizer for this reaction type.
Indeed, [Ru(bpy)2(BCF)2] sensitized the Ni-catalyzed cou-
pling of benzoic acid with methyl 4-bromobenzoate in 71%
isolated yield (Figure 10). When using [Ru(bpy)3]
2+ as
photosensitizer under identical reaction conditions, only the
starting material was isolated, underscoring the importance of a
high triplet energy. With fac-[Ir(ppy)3], we only obtained a
yield of 50% under our experimental conditions, though the
reaction with this particular sensitizer is known to operate
much better under optimized conditions.13 Even though a
mechanism based on energy transfer was suggested for the Ni-
catalyzed C−O coupling and has been supported by further
studies,122 recent work reached the conclusion that a
mechanism based on a light-independent Ni(I)/Ni(III)
interconversion can be operative.113,123−125 A plausible
catalytic cycle for the TTET mechanism is shown in Figure
10b, as adapted from previously published mechanistic
Figure 9. Photoisomerization of methyl cinnamate and relative
compositions (determined by 1H NMR spectroscopy with the internal
standard trimethyl(phenyl)silane) of the reaction solutions after an
irradiation time of 2 h. The reactions were performed in a water-
cooled reactor under inert atmosphere at room temperature using an
LED as the light source.
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studies.13,107 Oxidative addition of the aryl halide substrate to a
Ni(0) precursor and exchange of a halogenide ligand by the
carboxylate reaction partner leads to the Ni(II) intermediate at
the top of the cycle. Reductive elimination from the electronic
ground state of Ni(II) complexes is difficult126,127 but can be
promoted by excitation to a 3MC state via TTET from a
suitable photosensitizer.13,121
Alternatively, based on the above-mentioned more recent
mechanistic studies of nickel catalysis,113,123−125 it is possible
that the catalytic cycle in Figure 10c plays a non-negligible role.
In this scenario, Ni(I) species are generated via a photo-
induced electron transfer from [Ru(bpy)2(BCF)2] to the
Ni(II) precursor. Subsequent oxidative addition of the aryl
halide substrate leads to a Ni(III) intermediate, which can
cross-couple the aryl halide and the carboxylate. The reductive
elimination step regenerates the catalyst in the Ni(I) state.
So far, mostly iridium-based photosensitizers have been used
for this reaction type, while ruthenium(II) complexes did not
have sufficiently high triplet energies or were not reducing
enough. Our work demonstrates that isocyanoborylation
makes Ru(II) compounds amenable to nickel-catalyzed cross-
coupling chemistry.
Reductive Photocatalysis: Pinacol Coupling
To explore the potential application of Ru(II) isocyanoborato
complexes in reductive photocatalysis, we focused on [Ru-
(bpy)2(BCF)2] and chose the light-driven pinacol coupling of
benzaldehyde (Figure 11a) as a simple benchmark reaction for
comparison with the prototypical [Ru(bpy)3]
2+ photosensi-
tizer. This reaction commonly proceeds via single-electron
transfer (SET) to the substrate and subsequent coupling of
two benzaldehyde radicals.128−131 With [Ru(bpy)3]
2+ as a
photocatalyst and DiPEA as a reductant, no reaction was
observed due to the rather modest reducing power (−1.30 V vs
SCE) of [Ru(bpy)3]
+ (formed after electron transfer from
DiPEA to photoexcited [Ru(bpy)3]
2+), in line with earlier
reports.128,132 By contrast, [Ru(bpy)2(BCF)2] gave 87% NMR
yield of the pinacol-coupled product as a mixture of the meso-
and DL-isomers (0.9:1) after an irradiation time of 2 h.
Evidently, the slightly higher reducing power of [Ru-
(bpy)2(BCF)2]
− (−1.46 V vs SCE) enables ketyl radical
anion formation and efficient substrate turnover.
From a mechanistic perspective, it is interesting to note that
reductive 3MLCT quenching of [Ru(bpy)2(BCF)2] by DiPEA
is more than 100 times faster compared to [Ru(bpy)3]
2+
(Figure 11b). The respective rate constants are kq = 1.3·10
9
M−1 s−1 for [Ru(bpy)2(BCF)2] and kq = 7.4·10
6 M−1 s−1 for
[Ru(bpy)3]
2+ (Table 3), determined from Stern−Volmer
quenching experiments (see SI page S32 for details). This
remarkable difference in rate constants is due to the higher
excited-state reduction potential of [Ru(bpy)2(BCF)2] (1.04 V
vs SCE) compared to [Ru(bpy)3]
2+ (0.82 V vs SCE), which
results in a larger driving force for reductive excited-state
quenching by DiPEA. The excited-state quenching efficiencies
(η) of [Ru(bpy)2(BCF)2] and [Ru(bpy)3]
2+ as a function of
DiPEA concentration are shown in Figure 11b. The two curves
were calculated using the expression133
Figure 10. (a) Photosensitized Ni-catalyzed coupling of benzoic acid
with methyl 4-bromobenzoate in DMF, and the isolated yields
obtained by employing different photosensitizers. (b) Catalytic cycle
for the TTET reaction mechanism. (c) Catalytic cycle for the Ni(I)/
Ni(III) reaction mechanism. [a]: An isolated yield of 94% was
previously reported.13 Under the conditions employed here, we find a
yield of 50%.
Figure 11. (a) Pinacol coupling of benzaldehyde and NMR yields obtained with the different photocatalysts. The reaction was performed in a
water-cooled reactor at room temperature. (b) Calculated excited-state quenching efficiencies (η) as a function of DiPEA concentration for
[Ru(bpy)2(BCF)2] (green trace) and [Ru(bpy)3]
2+ (orange trace). Natural 3MLCT lifetimes (τ0) and rate constants (kq) for reductive quenching
by DiPEA are given in the insets.
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(( )/ ) 100%0 0η τ τ τ= − · (1)
where τ0 is the natural (unquenched)
3MLCT excited-state
lifetime and τ is the lifetime in the presence of a given DiPEA
concentration ([DiPEA]), calculated from τ−1 = τ0
−1 + kq ×
[DiPEA]. The data in Figure 11b leads to the counterintuitive
finding that the [Ru(bpy)2(BCF)2] complex undergoes
reductive quenching by DiPEA more efficiently than [Ru-
(bpy)3]
2+, even though its natural lifetime is approximately a
factor of 120 shorter (8.6 compared to 1019 ns, Table 1).
Oxidative Photocatalysis: C−C Coupling Reaction
After it was established that Ru(II) isocyanoborato complexes
are amenable to energy transfer catalysis and reductive
photoredox catalysis, it seemed interesting to also explore
their application potential in oxidative photoredox chemistry.
For this purpose, we concentrated on [Ru(CF3bpy)2(BCF)2]
with its electron-withdrawing CF3 substituents. As a model
reaction, we chose the oxidative decarboxylation of Cbz−
proline (Cbz = benzyloxycarbonyl) and subsequent addition of
the resulting α-amino alkyl radical to the ethyl maleate Michael
acceptor (Figure 12).76
This reaction was performed on a preparative scale with
[Ru(CF3bpy)2(BCF)2] as the photocatalyst (SI page S29),
resulting in an isolated yield of 82%. When [Ru(bpy)3]
2+ or
[Ru(bpy)2(BCF)2] was used, only minor amounts of ethyl
maleate were consumed (less than 5%), and no product signals
appeared in the 1H NMR spectrum. This is attributed to the
fact that a careful balance of redox potentials between the
ground and excited state of the photocatalyst is required for
the reaction in Figure 12a.
On the one hand, the photoexcited complex (designated
*[Ru] in the catalytic cycle in Figure 12b) must be sufficiently
oxidizing for the initial decarboxylation step (for a closely
related substrate E1/2 = 0.95 V vs SCE has been reported),
134
and on the other hand, its one-electron reduced form
(designated [Ru]−) needs to be a sufficiently strong electron
donor to enable the (proton-coupled) reduction of the β-
amino alkyl radical to the final product.135 With an excited-
state reduction potential E0(*[Ru]/[Ru]−) of 1.43 V vs SCE
(Figure 3b) and a ground-state potential E0([Ru]−/[Ru]) of
−0.92 V vs SCE (Figure 3b), [Ru(CF3bpy)2(BCF)2] fulfills
both of these requirements. By contrast, [Ru(bpy)2(BCF)2]
and [Ru(bpy)3]
2+ are not sufficiently potent photooxidants and
as such are unable to promote the initial decarboxylation step
in efficient manner.
■ CONCLUSIONS
Second coordination sphere interactions between hydrogen-
bond donating solvents and ruthenium(II) and iron(II)
cyanide complexes have long been known to exert a strong
influence on their photophysical properties.83,136−140 Herein,
we exploit the nonlabile nature of the Lewis acid−base
interaction between B(C6F5)3 and the peripheral N atoms of
Ru(II)-coordinated cyanide ligands to access uncommon
photophysics and photochemistry. While second coordination
sphere effects are of key importance in bioinorganic chemistry
and energy-related catalysis,141,142 it seems that this concept
has received rather limited attention in the design of new
photoactive d-metal compounds,64,143−150 at least among
single-component (i.e., mononuclear) systems.
In the [Ru(bpy)2(BCF)2] complex, the energy of the
emissive 3MLCT state is raised by nearly 0.4 eV relative to
[Ru(bpy)3]
2+ (Table 1), making this compound amenable to
photoisomerization reactions and sensitized nickel-catalyzed
cross-couplings that usually require iridium(III) photosensi-
tizers with high triplet energies. The benchmark reactions of
methyl cinnamate photoisomerization (Figure 9) and the C−
O coupling between benzoic acid and methyl 4-bromoben-
zoate (Figure 10) illustrate the application potential of
[Ru(bpy)2(BCF)2] and related isocyanoborato complexes for
energy transfer catalysis. The increased 3MLCT energy
furthermore facilitates reductive excited-state quenching
(Figure 11) and provides access to thermodynamically
Table 3. Excited-State Quenching Constants of the Four Complexes from Figure 1 with Methyl Cinnamate (kq, Cinn),
Benzaldehyde (kq, Benz), and DiPEA (kq, DiPEA) Determined in Dry, Deaerated CH3CN at 20 °C
quenching constants
kq, Cinn/M
−1 s−1 kq, Benz./M
−1 s−1 kq, DiPEA/M
−1 s−1
[Ru(bpy)2(BCF)2] 3.58·108 - 1.3·109
a
[Ru(CF3bpy)2(BCF)2] 6.31·106 - -
fac-[Ir(ppy)3] 1.25·109 3.54·107 <106
[Ru(bpy)3]
2+ <105 - 7.4·106
aDetermined in aerated CH3CN to avoid evaporation of DiPEA during degassing.
Figure 12. Oxidative decarboxylation and subsequent coupling of
Cbz−proline α-amino alkyl radical to ethyl maleate (R = COOEt)
with different photocatalysts (a) and the catalytic cycle of this reaction
(b). [a]: Isolated yield. [b]: Conversion based on ethyl maleate
consumption (see SI page S56 for details).76
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challenging photoreductions that are unattainable with [Ru-
(bpy)3]
2+ and its congeners.
The increased 3MLCT energy of [Ru(bpy)2(BCF)2]
decreases the activation barrier for internal conversion into
nearby 3MC states (Figure 6), thereby enhancing nonradiative
excited-state relaxation. However, the resulting 3MLCT
lifetime is still sufficiently long for efficient bimolecular
reactions, and the undesirable effect of enhanced nonradiative
relaxation can be counteracted by introducing trifluoromethyl
substituents at the bpy ligands. The resulting [Ru-
(CF3bpy)2(BCF)2] complex exhibits a microsecond
3MLCT
lifetime paired with a photoluminescence quantum yield of
12.8% (Table 1) and furthermore is a potent photooxidant
capable of triggering oxidative decarboxylation reactions
(Figure 12).
Under intense (1.1 W) blue (447 nm) laser irradiation in
acetonitrile, the isocyanoborato complexes are remarkably
photorobust. For instance, the inherent photostability of
[Ru(CF3bpy)2(BCF)2] is 56 times greater under these
conditions than for [Ru(bpy)3]
2+ and 3.5 times greater than
for fac-[Ir(ppy)3].
Despite remarkable recent advances in the development of
photoactive base metal complexes,20,21 ruthenium(II) and
iridium(III) compounds remain among the most reliable
workhorses in organic synthetic photochemistry and artificial
photosynthesis. Our work demonstrates how undesirable
nonradiative relaxation events and photodegradation pathways
in ruthenium(II) sensitizers can be suppressed and how their
photophysical and electrochemical properties can be adapted
to increasingly challenging applications in energy transfer and
photoredox catalysis. More generally, this study illustrates the
significant potential of second coordination sphere effects for
the design of new photoactive d-metal complexes that are able
to meet the current demands of applications in lighting,
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